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ABSTRACT
The hemocyanin of Callinectes sapidus consists of a 
mixture of dodecameric and hexameric aggregates of various 
combinations of 6 heterogeneous polypeptides. Each poly­
peptide (monomeric subunit) contains an active site (2 Cu 
atoms) to transport oxygen and is electrophoretically 
distinct. Densitometric scans of the Coomassie blue stained 
bands indicate alternative phenotypes for 3 of the 6 bands. 
Each of the three can vary independently of one another and 
thus 8 phenotype patterns occur in nature. The change in 
these phenotypes and phenotypic patterns over a salinity 
gradient is described as well as their relationship to the 
He concentration and length of the crabs from various points 
along the York river system and the eastern shore of 
Virginia. No correlation was found between He concentration 
or carapace length and phenotype pattern. There was a 
significant four-way interaction between sampling year, 
estuarine zone, subunit and alternative phenotype as well as 
a significant three-way interaction between phenotype 
pattern, year and zone. The trend is therefore not simple 
nor obviously clinal and may be linked to hypoxia.
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DISTRIBUTION OF THE HETEROGENEOUS 
HEMOCYANIN SUBUNITS OF CALLINESTES SAPIDUS 
(RATHBUN) ALONG A SALINITY GRADIENT
INTRODUCTION
Hemocyanins (He) are large copper containing proteins that occur as 
multisubunit aggregates and serve to transport oxygen in many of the 
molluscs and arthropods (Van Holde and Miller, 1982). In their thorough 
review of the literature, Van Holde and Miller (1982) described the 
characteristics of the polypeptide monomeric subunits of He and their 
arrangements into various aggregation states.
Arthropod He occurs as multiples of 6 polypeptide chains, each contain­
ing two copper atoms (i.e., active site) (Van Holde and Miller, 1982). 
Each polypeptide chain is referred to as a monomer or subunit and conse­
quently, the six together comprise a hexamer. Dodecamers are aggregations 
of two hexamers, and larger aggregates contain four, six or eight hexamers 
(Markl et al., 1979). The He of Callinectes sapidus Rathbun is a mixture 
of hexamers and dodecamers (Mangum, 1983). The estimated ratio of 
hexamers to dodecamers in C. sapidus is about 3 or 4 to 1 (Hamlin and 
Fish, 1977; Brouwer et al., 1982; Johnson et al., 1984).
In addition to aggregation state, subunit heterogeneity has also become 
a topic of interest in elucidating the He polymeric structure (Hamlin and 
Fish, 1977; Markl et al. , 1979). In most species the hexamers contain two 
or more different monomeric subunits, as in Cherax destructor (Jeffrey 
and Treacy, 1980), Limulus polvphemus (Sullivan et al. , 1974), and C.
sapidus (Mason et al. , 1983). Markl et al. , (1979) dissociated the He
3from 11 crustaceans and found four to seven subunits after alkaline 
dissociation polyacrylamide gel electrophoresis. Six different polypeptide 
chains have been isolated from studies of C. sapidus He (Mason et al. , 
1983).
The functional role of a specific aggregate and of subunit hetero­
geneity recently have become matters of interest because of the pos­
sibility that they might influence oxygen binding characteristics. In 
separate studies, Miller and Van Holde (1981a, b) compared the oxygen 
binding characteristics and the association/dissociation of the ico- 
satetrameric and hexameric fractions from Callianassa californiensis at 
various salinities. They demonstrated the the 24-mer aggregate dis­
sociated to hexamers at low salinity and that these dissociated hexamers 
maintained a higher cooperativity than the native hexamers. In 1982, 
Brouwer et al. used heavy metals as probes to study the association of 
hexamers to dodecamers in C. sapidus. In this investigation, they found 
that divalent heavy metal cations (i.e. cadmium, copper, mercury and zinc) 
induced self association from the hexamer to the dodecamer and that these 
cations shift the equilibrium between the low and high oxygen affinity 
states. Johnson et: al. (1984) studied the effects of 1-lactate on both 
aggregates of C. sapidus and found that lactate increased oxygen affinity 
where hexamers showed more of an increase than dodecamers.
Oxygen binding characteristics and He aggregation have been directly 
related to subunit heterogeneity. Jeffrey and Treacy (1980) built artifi­
cial hexamers from specific subunits of C. destructor He and demonstrated 
changes in oxygen binding. Markl and Kempter (1981) used a combination 
of different electrophoretic procedures and crossed immunoelectrophoresis
4to classify and group heterogeneous subunits from six crustaceans. They 
identified immunologically related subunits that appear consistently in 
different species (termed "alpha" subunits) and other subunits which are 
species specific (termed "beta" subunits). A third subunit type related 
to alpha subunits was found as well (termed "gamma" subunits). Stocker 
et al. (1986) presented evidence that a subunit immunologically similar 
to an alpha subunit (termed alpha prime or alpha') is responsible for 
bridging hexamers to form dodecamers.
Mason et al. (1983) found that the oxygen binding properties of C. 
sapidus differed in seaside populations and nearly freshwater populations, 
and the concentrations of two of the six subunits. Upon cross acclimation 
of samples of these two populations, it was found that the concentration 
of the variable subunits, total He concentrations and the oxygen binding 
properties changed accordingly. Subsequently, variation in a third 
subunit was noted in larger samples of both populations (Mangum and 
Godette, unpubl. obs.). These results suggest that salinity causes
changes in the He molecule that also influence oxygen binding. Mangum
and Rainer (1988) showed that oxygen binding of the various subunit
combinations is distinctly different in C sapidus. However, details of 
the distribution in a natural estuarine situation are not known.
Therefore, it is the purpose of this study to describe the change in the 
He phenotyes, primarily the large-scale distribution of three of the six 
heterogeneous subunits of C. sapidus along a salinity gradient.
MATERIALS AND METHODS
Collection and Sampling
The salinity gradient began in the York River system, a subestuary of 
the Chesapeake Bay, in the lowest salinity waters found at the lower parts 
of both the Mattaponi and Pamunkey Rivers (fig. 1). The highest salinity 
portion of the gradient was defined by ocean water at two points along the 
Virginia Eastern Shore (Wachapreague and Cape Charles). The stations were 
designed to represent the four major zones of the estuary. Intermolt, 
male crabs and surface waters were sampled at different locations along 
this gradient during two summer seasons. The first occurred between June 
and August, 1984, with samples obtained initially from local watermen or 
individually maintained pots and later personally by survey trawls. The 
second sampling season occurred between June and September, 1985, and 
these samples were obtained by trawls only. Samples from the Eastern 
Shore were always obtained from individually maintained pots during both 
seasons. The collection sites for each year and the number of crabs 
collected from each site are given in Table 1.
Crab hemolymph was either sampled in the field or in the laboratory in 
which case the crabs were maintained at cold room temperatures (4° C) 
overnight. Carapace length (anterior-posterior) measurements (see fig. 
2) were obtained and then hemolymph samples were drawn from each crab
5
Table I. Total number (n) of Callinectes sapidus collected and salinity at each 
site in the York River and Eastern Shore in 1984 and 1985.
Date Location n Salinity
(% o )
Estuarine
Zone
June 1984 Croaker Landing 30 9.0 mesohaline
Ware Creek 37 8.2 mesohaline
July 1984 Almondsville 46 11.0 mesohaline
Sweet Hall 
(Pamunkey)
10 2.0 oligohaline
Chelsea Farm 
(Mattaponi)
30 2.2 oligohaline
VIMS 28 17.0 polyhaline
Swash Beacon 26 17.0 polyhaline
Wachapreague 30 30.5 euhaline
June 1985 VEPCO 9 20.0 polyhaline
Sweet Hall 
(Pamunkey)
8 1.7 oligohaline
Lee Marsh 
(Pamunkey)
5 5.2 oligohaline
August 1985 VEPCO 6 22.0 polyhaline
Almondsville
(Channel)
6 15.5 mesohaline
Bell’s Rock 14 16.0 mesohaline
Lee Marsh 
(Pamunkey)
10 5.0 oligohaline
September 1985 VEPCO 9 22.0 polyhaline
West Point 38 11.8 mesohaline
Sweet Hall 
(Pamunkey)
44 1.0 oligohaline
Cape Charles 33 31.5 euhaline
Wachapreague 58 32.5 euhaline
7within 24 hours after capture. Samples were taken from the cardiac, 
pleopod or fifth walking leg hemoceol and 1-3 ml of hemolymph withdrawn 
with a syringe. All samples were maintained on ice and refrigerated not 
longer than a week or frozen until use.
Clotted hemolymph was broken up with a Teflon cell homogenizer and the 
mixture centrifuged for 2 minutes using a micro ultracentrifuge (13,000 
g) . The supernatant fluids from the individual samples were then dialyzed 
against a 0.05M Tris- HC1 + 0.5M EDTA buffer (pH 8.9) for 12-16 hours. 
This buffer dissociates the hemocyanin aggregate into its constituent 
subunit monomers (70-80 x 103 d) by the combination of exposure to high pH 
and chelation of the divalent ions in the hemolymph (Hamlin and Fish, 
1977).
Electrophoresis
The He concentration of each sample was determined spectrophotometri- 
cally and adjusted to a standard dilution by addition of dissociation 
buffer until the absorbance fell between 0.09 and 0.11 at 345 nm. Separa­
tion of the subunits was accomplished by polyacrylamide gel electrophor­
esis as described by Mangum and Rainer (1988) using a discontinuous buffer 
system with Tris-glycine (pH 8.9) in the upper chamber and Tris-HCl (pH 
8.1) in the lower chamber. A 3% stacking gel (pH 6.8) was layered over 
a 12.5% resolving gel (pH 8.8) giving an overall length of 16 cm. Each 
of ten wells in the stacking gel were loaded with 50 ul aliquots of 
approximately 0.5 mg/ml dialyzed sample. Electrophoresis was conducted 
at a constant current (15-18 milliamps per gel) for 8-12 hours. The gels
were stained with 0.1 % Coomassie Brilliant Blue G-250 for 40 minutes and 
destained with an acetic acid/methanol solution for 2-4 weeks or until the 
banding patterns were determined. Bands resolved on the gel were labelled 
1 through 6 from the anode to the cathode electrode respectively.
A separate representative aliquot of He was electrophoresed as outlined 
above and stained with fluorescent bathocuproine sulfonate (Bruynincx et 
al.. 1978). This stain causes the entire gel to fluoresce except where 
quenched by Cu, thereby confirming that the electrophoretic bands were He 
subunits.
The variation of individual subunits in the Coomassie Blue stained gels 
was noted by comparing the second and fourth (invariant) bands, which 
appeared similar in concentration (intensity of Coomassie blue color), 
with the third, fifth and sixth bands. The relative concentrations of the 
variable bands were qualitatively assessed using the following procedure. 
If a variable band appeared lighter than 2 or 4 then it was scored as a 
low apparent concentration (L), and a higher concentration (H) if the band 
was of equal or darker intensity. The high and low concentration scores 
are designated as alternative phenotypes and combinations of these 
variable subunits considered together are called phenotype patterns. 
Eight ( 2 x 2 x 2 )  of these phenotype patterns are possible.
Densitometry
Quantitive measurements were made of representative banding patterns 
using a dual wavelength TLC (Thin Layer Chromatography) scanning den­
sitometer (Shimadzu CS-930) using a 570 nm wavelength. Peaking patterns
9were obtained and the area under the peak calculated. The individual peak 
areas were converted to percentages of the total area of all peaks.
Experimental Design
A linear regression analysis was used to examine the relationship 
between carapace length and hemolymph He concentration. An ANOVA (SPSSx, 
Inc., 1986) relating either He concentration or carapace length to 
estuarine zone and sampling year was used to check for homogeneity of 
variance (Cochran's test). A Kruskall-Wallis nonparametric test was used 
for nonhomogeneous data and an F-test for homogeneous data to assess for 
the similarity of the dependent mean values (SPSSx, Inc., 1986). The 
criterion of significance was alpha=0.05) Lastly, Mann-Whitney U tests 
were used for samples with nonhomogeneous variances to show differences 
(alpha = 0.001) within the levels of the independent variable, and a 
Scheffe's test for homogeneous variances (SPSSx, Inc., 1986). The alpha 
in these tests was reduced to accommodate any experimental error in 
performing multiple tests.
Interactions within the analysis of frequencies were indicated by G- 
values (alpha = 0.05). A four-way analysis of frequency (Sokal and Rohlf, 
1986, SPSSx, Inc., 1986) was used to test for interactions between the 
subunit phenotype frequency and the 4 estuarine zones, 2 sampling years 
and the 3 subunits. A three way analysis of frequency was used to test 
for interactions between the 8 phenotype patterns, and the 4 estuarine 
zones and 2 sampling years.
RESULTS
Phvscal Characteristics
Both crab carapace length and He concentration varied along the sal­
inity gradient (fig. 3a and b). Larger crabs (60-70 mm mean carapace 
length) were collected at the two higher salinity zones and the overall 
mean carapace length ranged between 50-60 mm. This was the trend for 
both years (Table 2a).
The pattern of He concentration along the salinity gradient is not so 
straightforward (fig. 3b). Each year shows a different trend. In 1984, 
both of the salinity extremes have the highest values, whereas in 1985 the 
euhaline value was higher than the other three and this value was lower 
than in 1984 (3.6 g/lOOmls). In 1985, the oligo-, meso- and polyhaline 
crabs had lower mean He concentrations than in 1984 (Table 2b).
The length of the carapace is not related to the concentration of He 
in the hemolymph. Considerable variation was associated with the He 
concentration as shown in figure 4. There was no discernable correlation 
between He concentration and length (r2=0.002, p=0.307).
10
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Table II. Variances associated with the (a) mean crab carapace length (mm) 
and (b) mean He concentration (g/100 ml) of Callinectes sapidus sampled from 
four estuarine zones over two years. Results of the Kruskal-Wallis non- 
parametric multiple comparisons test. Lines connect locations where He con­
centrations or carapace lengths were not significantly different according to the 
Mann-Whitney U test. X+:S.D.(n)
YEAR LOCATION X2
a) Crab Carapace Length
1984 EU* POLY* MESO* OLIGO* 57.05 <0.0001
69.9 ±  7.2 64.8 ± 9 .4 57.1 ± 1 1 .9 51.3 ± 7 .6
m ______ m m __ _____(3Z1
1985 POLY EU MESO OLIGO 52.16 <0.0001
63.5 ± 6 .5 63.2 ±  6.6 55.9 ± 7 .8 54.5 ±  8.4
!M__ ____ (241 m ______ (651
b) He Concentration
1984 POLY MESO OLIGO EU 38.44 <0.0001
2.85 ±  1.22 3.84 ± 1 .8 7 4.95 ± 2 .0 9 5.03 ± 1 .5 0
m ___ ____(M £40) ______ (301
1985 POLY OLIGO MESO EU 23.24 <0.0001
2.29 ±  2.29 2.69 ± 1 .8 4 2.75 ± 1 .7 8 3.62 ±  1.66
(24)___ ____ (6Z)____ _____(561 (80)
* OLIGO+Oligohaline MESO=Mesohaline POLY=Polyhaline EU=Euhaline
12
Subunit Phenotype
The alkaline dissociation electrophoresis of He shows six Cu contain­
ing bands (fig. 5). This electrophoretic banding pattern is typical of
C. sapidus (Mason et al. , 1983; Stocker et al. , 1986), and shows three 
very cathodic bands, one anodic band and two bands intermediate. The 
phenotypes demonstrated in figure 5 show a low apparent concentration of 
subunit 3, a high apparent concentration of subunit 5 and a low apparent 
concentration of subunit 6 (LHL).
The frequency distributions of the three phenotypes differ along the 
salinity gradient, depending on the subunit and the year (fig. 6). 
Subunit 3 was distributed similarly in both years with a predominantely 
low concentration in each estuarine zone. In 1985, most in the crabs at 
the poly- and mesohaline zones had a high alternative phenotype of subunit 
5 whereas the extremes had more or less equal frequencies of the high and 
low phenotypes. Regardless of zone, most of the crabs had high con­
centrations of subunit 6 in 1985, whereas the pattern in 1984 is more 
difficult to interpret. Crabs from the high salinity portion of the 
gradient had approximately equal frequencies of high and low phenotypes, 
but the crabs in the mesohaline zone had the high phenotype almost 
exclusively and in the oligohaline zone they had the low subunit 6 
phenotype.
No trend is obvious in frequencies of the high and low concentrations 
of variable subunits among the estuarine zones or the sampling year or 
among the subunits themselves (Table 3) . Table 3 shows a significant 
4-way interaction between sampling year, estuarine zone and the 3 variable
13
Table III. Results of 4-way analysis of frequency showing the significance of 
the interactions between the 2 sampling years, the 4 estuarine zones, the 3 
varying subunits of Callinectes sapidus He, and the 2 alternative phenotype ex­
pressions of those subunits.
dF Log likelihood ratio
(G)
P
Main effects 7 62.996 <0.0001
Two-way interactions 17 615.024 <0.0001
Three-way interactions 17 157.781 <0.0001
Four-way interactions 6 81.302 <0.0001
Partial Chi square
Year*Est Zone*Subunit 6 16.561 .0110
Year*Est Zone*Phenotype 3 9.670 .0216
Year*Subunit*Phenotype 2 63.240 <.0001
Est Zone*Subunit*Phenotype 6 110.840 <.0001
Year*Estuarine Zone 3 202.243 <.0001
Year*Subunit 2 9.164 .0102
Est Zone*Subunit 6 21.330 .0016
Year*Phenotype 1 32.461 <.0001
Est Zone*Phenotype 3 75.507 <.0001
Subunit*Phenotype 2 376.783 <.0001
Year 1 .031 .8609
Estuarine Zone 3 54.951 <.0001
Subunit 2 .000 1.0000
Phenotype 1 8.013 .0046
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subunits over the subunit phenotype. This indirites a highly significant 
year and zone effect on the phenotype distributions. The variable 
subunits appear to be distributed independently of each other along the 
gradient in both years (X2=0.00; p=1.000).
Phenotype Patterns
Since the variable subunits express their alternative phenotypes 
independently, eight phenotype combinations or patterns are possible. 
All eight patterns were recovered in this study and are shown in figure
7. Each pattern showed a similar concentration of the essentially
invariant bands (2 and 4) , both of which appeared as distinct peaks on the 
scans. The areas under the second and fourth peaks each fell between 20% 
and 35% of the total, with exception of the second band in the LLL and LHH 
patterns. The low phenotypes of the variable bands (3, 5 and 6) showed
up either as indistinguishable humps or peaks with an area of less than
5%. The high phenotypes of bands 5 and 6 had the same density as bands 
2 and 4. High phenotype 3 never showed an area of more than 19% (Table 
4).
The LHH phenotype pattern was recovered from all 4 estuarine zones. 
Representative banding patterns and the corresponding densitometric scans 
showed the similarity of this pattern throughout the salinity gradient 
(fig. 8). Again, the peak areas of bands 2 and 4 in the LHH patterns 
fell between 20% and 35% (Table 5) . The area under the band 3 peak of LHH 
was also under 5% of the total peak area. Although the quantitative 
method generally agrees with the qualitative scoring of the banding
15
Table IV. Quantification of the 6 peak areas in densitometric scans of the 
respective electrophoretic bands for a representative of each He phenotype 
pattern. The % of total area scanned is the ratio of the individual integrated 
peak to the total area of all peaks. (See fig. 7)
Phenotype
Pattern % of total scanned area
band band band band band band
1 2 3 4 5 6
LLL 8 40 5 35 8 4
LLH 7 23 * 25 12 33
LHL 11 27 * 30 24 8
LHH 15 17 3 21 23 21
HLL 6 35 12 37 10
HLH 11 36 14 28 11
HHL 24 23 19 26 8 ★ ★★
HHH 11 19 7 24 18 21
*  included with band 2
* *  included with band 4
* * *  Included with band 5
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patterns, some wide variation was found (e.g. the high sununit 6 phenotype 
value of the HLH pattern in Table 5).
The number of phenotype patterns appears to increase with salinity with 
more phenotype patterns represented per estuarine zone in 1984 than in 
1985 (fig. 9) . Even though the individual subunit phenotypes do not 
influence each other, these results do suggest that the pattern of the 
individual phenotypes, collectively, are related to the estuarine zone 
and year. All of the phenotype patterns are represented in 1984, yet 
three are missing in 1985 (Table 6). All three missing phenotype patterns 
(LLL, LHL, HHL) contain a low subunit 6 phenotype. When analyzing 
sampling year and estuarine zone for associations with phenotype pattern, 
a significant interaction (G“66.608, dF“14, p<0.0001) was found between 
all three (Table 7). Again, the specific phenotype pattern recovered 
depends not only upon the estuarine zone where the crabs were sampled but 
the sampling year as well.
Estuarine Zones
Oligohaline zone. In 1984 the predominant phenotype pattern in the 
oligohaline zone was LHL, the majority of crabs were approximately 50 mm 
in length (Table 8) and had a He concentration between 3.5-6.0 mg/100 ml 
(Table 9) . In 1985 the same estuarine zone was divided with respect to 
phenotype pattern. Since all but one crab had a low concentration of 
subunit 3, the two predominant patterns were LHH and LLH; therefore, 
subunit 6, as well as subunit 3 remained constant. Also, the crabs were
18
Table VI. The predominant phenotype patterns during each sampling year 
showing the percent of crabs maintaining each pattern at each estuarine zone. 
Phenotype patterns that were found in less than 5% at any estuarine zone are 
not given.
Oligohaline Mesohaline Polyhaline Euhaline
Phenotype Phenotype Phenotype Phenotype
Pattern % Pattern % Pattern % Pattern %
1984 LHL 68 LLH 48 LHH 52 LHH 33
LLL 16 HLH 19 LHL 23 LLL 30
LHH 11 LHH 17 HLL 9 LLH 27
HHH 11 HHL 7 LHL 10
HHH 7
1985 LLH 52 LHH 89 LHH 78 LHH 31
LHH 45 HHH 10 HHH 17 LLH 28
HLH 24
HHH 9
HLL 5
19
Table VII. Results of a 3-way analysis of frequency showing the significance of 
the interactions between the 8 Callinectes sapidus He phenotype patterns, the 
4 estuarine zones and the 2 sampling years.
dF Log likelihood ratio 
(G)
P
main effects 11 387.318 <.0001
two-way interactions 38 356.350 <.0001
three-way interactions 14 66.608 <.0001
Partial Chi square
Est Zone*Year 3 112.805 <.0001
Est Zone*Phenotype Pattern 21 234.976 <.0001
Year*Phenotype Pattern 7 115.464 <.0001
Estuarine Zone 3 18.317 .0004
Year 1 0.010 .9204
Phenotype Pattern 7 368.991 <.0001
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somewhat larger (Table 10); and the He concentration was lower (Table 11).
Mesohaline zone. The crabs from the mesohaline estuarine zone were 
more consistent in length in the two years; however there was little 
apparent relationship between phenotype pattern and crab carapace length 
(Tables 8 and 10). The He concentration values were somewhat dissimilar 
in the two years (Tables 10 and 12). In 1984, half of this population 
contained the phenotype pattern LLH. Three other patterns (LHH, HLH and 
HHH) occurred with a frequency of 10-20%. The predominant phenotype 
pattern in 1985 was LHH (89% of the sampled population) and the phenotype 
pattern (HHH) occurred in 10% of the sample (Table 6).
Polvhaline zone. The polyhaline zone showed a diversity of phenotype 
patterns in 1984 that was reduced to two patterns in 1985. In 1984, the 
predominant phenotype pattern (approximately 50%) was LHH although 4 
other patterns (LHL, HLL, HHL and HHH) were present. In 1985, only two 
phenotype patterns (LHH and HHH) occurred at similar frequencies as the 
mesohaline. The carapace length was consistent in both years as was the 
range of the He concentration (Tables 8-11).
Euhaline zone. Of all zones in both years the euhaline showed the 
most diversity in phenotype patterns. There were three predominant 
phenotype patterns (LHH, LLL and LLH) in 1984, each of which occurred in 
approximately 30% of the population. Two minor phenotype patterns 
expressed the high phenotype of subunit 3 in 1985; HLH in 24% of the 
population and HHH in 9%. LHH and LLH were the predominant phenotype 
patterns in 1985. Crab carapace lengths were similar in the two years, 
but He concentration was lower in 1985 (Tables 8-11).
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TABLE VIII. Variances associated with the mean length (mm) of Cailinectes 
sapidus sampled for each 8 He phenotype patterns at each estuarine zone in 
1984. Results of a Kruskall-Wallis nonparametric multiple comparisons test. 
Lines connect zones with which mean lengths are not significantly different 
according to the Mann-Whitney U test. X ±_ S.D. (n)
PHENOTYPE
PATTERN ESTUARINE ZONE X2 p
LLL EU POLY OLIGO MESO 10.26 0.0059
71.2 ± 5 .2 65.0 52.0 ± 2 .6 0
m___ ___ (1 } - (5) (0)
LLH EU OLIGO MESO POLY 8.48 0.0144
70.6 ± 7 .4 64.0 56.0 ± 1 3 .5 0
m___ ___ 01 (25) (0)
LHL EU POLY OLIGO MESO 8.11 0.0173
66.0 ± 8 .7 55.8 ± 1 0 .2 49.9 ± 7 .0 0
m___ (1.0). .. ____ (241 (0)
LHH EU POLY MESO OLIGO 8.79 0.0322
69.2 ± 8 .6 68.0 ±  7.7 61.2 ±  9.3 53.2 ± 1 0 .3
ilO )____ (23) ____ (9)_____ ____ (41
HLL MESO POLY EU OLIGO 0.53 0.4682
70.0 67.2 ± 1 1 .1 0 0
to_______ (41 (0) (0)
HLH MESO POLY EU OLIGO *
54.7 ± 1 0 .5 0 0 0
(10) (0) (0) (0)
HHL POLY MESO EU OLIGO 2.00 0.1573
61.7 ± 2 .9 36.0 0 0
m_______01 (0) (0)
HHH MESO POLY OLIGO EU 3.02 0.2211
63.5 ±  5.2 59.0 45.0 0
- M ______ 0)____ ___ U l_ (0)
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TABLE IX. Variances associated with the mean hemocyanin concentra­
tion (g/100ml) of Callinectes saoadus sampled for each 8 He phenotype pat­
terns at each estuarine zone in 1984. Results of a one way analysis of 
variance. Lines connect zones with which mean He concentrations are not 
significantly different according to the Scheffe multiple comparisons test. X ±  
S.D.(n)
PHENOTYPE
PATTERN ESTUARINE ZONE F P
LLL EU POLY OLIGO MESO 2.27 0.1429
4.7 ± 1 .2 4.0 3.2 ± 1 .6 0
m ___ ____ CO________£61 (0)
LLH EU OLIGO MESO POLY 1.26 0.2979
4.7+1.5 4.0 3.7±1.7 0
m _______ CO____ (25) (0)
LHL EU OLIGO POLY MESO 7.53 0.0019
5.7 ± 0 .6 5.2 ± 1 .8 3.1 ± 0 .9 0
m ___ ...  (261 (10) (0)
LHH EU OLIGO MESO POLY 7.11 0.0006
5.4 ±  1.9 5.0 ± 2 .6 2.8 ± 1 .4 2.5 ± 1 .2
m ______ (4)_______ £21 (23)
HLL MESO POLY OLIGO EU 5.01 0.5300
5.0 3.7 ± 1 .7 0 0
(1) (4) (0) (0)
HLH MESO OLIGO POLY EU ★
4.6 ±  2.1 0 0 0
(10) (0) (0) (0)
HHL MESO POLY OLIGO EU ★
5.0 4.0 0 0
(1) (1) (0) (0)
HHH OLIGO POLY MESO EU 6.49 0.0255
8.0 3.7 ± 1 .1 2.8 ± 0 .7 0
-CO___ ____(3)________£6)_ (0)
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TABLE X. Variances associated with the mean length (mm) of Callin- 
ectes sapidus sampled for each 8 He phenotype patterns at each estuarine 
zone in 1985. Results of the Kruskall-Wallis nonparametric multiple com­
parisons test. Lines connect zones with which mean lengths are not significant­
ly different
according to the Mann-Whitney U test. X ±  S.D.(n)
PHENOTYPE
PATTERN ESTUARINE ZONE X2 p
LLL EU OLIGO MESO POLY 1 .80 0.1797
60.0 51.0 ±  9.6 0 0
m ___ _______(21 (0) (0)
LLH POLY EU OLIGO MESO 29.16 0.0001
75.6 65.6 ±  6.7 52.2 ±  6.8 0
m ___ ______ (221 (31) (0)
LHH POLY EU OLIGO MESO 8.36 0.0392
62.8 ±  6.6 60.5 ±  6.4 5 7 .3 +  9.3 56. 7 ± 8 .5
0 8 }___________ (24)___________ (25)___________ (22).
HLL EU OLIGO MESO POLY *
66.2 ± 1 0 .3 0 0 0
(4) (0) (0) (0)
HLH EU OLIGO MESO POLY *
62.4 ±  6.2 0 0 0
(16) (0) (0) (0)
HHH POLY MESO EU OLIGO 0.2790 0.8698
65.5 ±  3.3 65.0 ±  0.0 64.7 ±  5.6 0
(4) (2) (7) (0)
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Table XI. Variances associated with the mean hemocyanin concentration 
(g/100 ml) of Callinextes sapidus sampled for each 8 He phenotype patterns at 
each estuarine zone in 1985. Results of the one-way analysis of variance. Lines 
connect zones with which mean He concentrations are not significantly different 
according to the Scheffe multiple comparisons test. X +. S.D. (n)
PHENOTYPE
PATTERN ESTUARINE ZONE F p
LLL OLIGO EU MESO POLY 0.33 0.6667
4.5 ±  0.7 4.0 0 0
(2) (1) (0) (0)
LLH EU OLIGO POLY MESO 1.92 0.1569
3.6 ±  2.2 2.7 ±  2.0 2.0 0
m ____ (31) ____ 01 (0)
LHH EU MESO OLIGO POLY 3.27 0.0245
3.6 A  1.6 2.8 ±  1.6 2.5 ±  1.0 2.4 ±  1.0
m ____ ____ m _____ (28)...........____ a m
HLL EU POLY MESO OLIGO ★
3.58+. 1.3 0 0 0
(4) (0) (0) (0)
HLH EU POLY MESO OLIGO ★
3.9 ±  1.5 0 0 0
(19) (0) (0) (0)
HHH EU POLY MESO OLIGO 4.04 0.0483
3.3 ±  1.1 2.0 ±  0.8 1.7 ±  0.6 0
m _____ ____m ______ _____ (3) (0)
*not enough cases to calculate a variance
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He Concentration
The variance associated with He concentration was homogeneous when ana­
lyzed according to phenotype pattern as compared to the analysis when only 
single subunit phenotypes were considered. The oligohaline and euhaline 
zones had higher He concentration values in both years. Pattern diversity 
in the three low salinity estuarine zones was higher during 1984, yet none 
of the He concentration values were different. The euhaline zone 
exhibited even more diversity, with no difference in the mean He con­
centration during 1985. Thus the phenotype pattern is not determined by 
size of the crab nor the He concentration.
He concentration differed between the oligo/euhaline and the meso/poly- 
haline estuarine zones in the two phenotypes with a low band 3 and high 
band 5 in 1984 (Table 10) . With this exception, the few phenotype 
patterns represented showed no significant difference (p<0.001) in mean 
He concentration for the four zones in 1985.
DISCUSSION
Callinectes sapidus He subunit phenotypes and phenotype patterns vary 
with location in the estuary. This does not seem to be affected by the 
carapace length (i..e. age) or the hemo lymph He concentration. None the 
less, the distribution did differ in the two years that samples were 
taken.
The possible importance of phenotype pattern distribution becomes clear 
when put into perspective of the polymeric structure of the hemocyanin 
molecule itself. Stocker et al., (1986) concluded that, in C. sapidus. 
the second, third and fifth electrophorectic positions (moving from the 
anode to the cathode) are alpha chains, the first and fourth bands are 
beta chains and the sixth and most cathodic band is a gamma type subunit. 
They also suggested that subunit 3 is an interhexamer bridge (alpha1). 
The ratio within a dodecamer was proposed to be 4 betas to 2 alpha' 
(interhexamer bridges) to 6 alphas or gammas. Dodecamers then must 
contain an alpha' for each hexamer involved, but hexamers can form from 
any single subunit. While small amounts of gamma subunit are believed 
to add stability to the association, the information supporting this idea 
is limited (Stocker et al. , 1986). Johnson et al. , (1984) studied the 
subunit heterogeneity within distinct hexamer and dodecamer fractions of 
C. sapidus He. The densitometric peaking patterns shown by Johnson et 
al., (1984), who were unable to separate subunits 2 and 3, demonstrated
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either a LHH or HHH phenotype pattern for the dodecameric fraction (Mangum 
and Rainer, 1988). The former patterns match well with the dodecamer 
fraction found by Stocker et al. , (1986). The phenotype pattern LHH is 
the only pattern that occurred in all estuarine zones in both years and 
it comprises more than 30-80% of all patterns. Mangum and Rainer (1988) 
reported that the most frequent (wildtype) phenotype pattern of their 
seaside (this study's euhaline) sample was LLH. Indeed this pattern was 
recovered in 27-28% of the euhaline population along with the LHH pattern 
making up an additional 31-32%. Their "estuarine" wildtype, HHH was found 
in the present samples in approximately 10% of both mesohaline and 
polyhaline (except 17% in 1985 at the polyhaline zone). In fact the LHH 
pattern was found in 78% to 89% of all the crabs in all zones.
This phenotypic diversity might then be maintained in response to some 
other environmental variation. Although these phenotypes and phenotype 
patterns show a distribution along the salinity gradient, the trend is not 
obviously clinal and not obviously simple. It would be interesting to 
know if the hexamer to dodecamer ratio varies along this gradient as well.
An estuary varies in other environmental factors beside salinity which 
might further define this complex trend. Ruzecki and Evans (1986) showed 
a temporal and spatial sequence of estuarine destratification in the York 
River estuary from the mouth to West Point, coinciding with the 
mesohaline and polyhaline zones in the present study. Destratification 
is believed to be brought about by the increased energy associated with 
maximal tidal current velocities at spring tides. It results in a cycle 
of 02 levels varying from normoxic to moderately hypoxic above the 
halocline, and moderately to severely hypoxic below. In the oligohaline
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zone investigated in the present study the water is not deep enough to 
permit stratification and in the euhaline zone stratification (and hence 
hypoxia) does not occur. Therefore the greater phenotypic diversity found 
at the meso- and polyhaline zones may be correlated with a greater 
diversity of 02 levels.
Since the present data were collected, deFur e£ £l. , (1988) have shown 
that the three variable subunits also respond to 02 levels. All three 
subunits decrease in concentration while oxygen affinity rises, during 25 
days of sublethal hypoxia. The present results almost certainly reflect 
variation in a second environmental variable that was not determined in 
the present study and, in fact, could not have been determined with 
confidence. While the distance between one zone and another is great 
enough to provide some basis for the assumption that the majority of 
animals in a sample were acclimated to local salinities, the distance 
between normoxic and hypoxic waters is not.
Crabs moving up river from euhaline water experience not only 
variation in salinity, but hypoxia as well. It was only in these meso- 
and polyhaline (zones where high levels of subunit 3 phenotype were found.
This might suggest that either this subunit itself or its dodecamer 
forming capability are advantageous to oxygen binding in low oxygen and 
variable salinity environments as an osmotic response.
Mangum and Rainer (1988) demonstrated that the phenotype patterns with 
a high subunit 3 have a higher oxygen affinity. This seems reasonable in 
a varying salinity and often hypoxic environment. This phenotype pattern 
would insure the formation of dodecamers, which facilitates water balance
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control (Mangum, 1986), as well as increased oxygen transport in an other­
wise varying oxygen environment.
In studying the freshwater runoff data from the United States Geolog­
ical Survey (USGS), the discharge data near the headwaters of the Pamun- 
key River (above the oligohaline zone) show a wide variation of freshwa­
ter coming into the York River. Between May and July of 1984 the average 
monthly discharge rate was 1,123 cubic feet per second whereas in 1985 it 
was only 362 cubic feet per second during the same months. The 44 year 
average discharge rate is 1006 cubic feet per second. This seems to 
indicate that 1985 was a "dry'1 year in comparison to 1984. This disparity 
in freshwater input to the York river might account for the variation of 
phenotype pattern distribution between years. Therefore the two years 
may not represent replicate treatments.
Hines et al., (1987) found that many male crabs move upstream to molt 
in tidal creeks. Mangum et al. , (1985) showed that He concentration
decreases when molting. Although care was taken to use morphologically 
interraolt crabs, the various C stages cannot be further differentiated 
and an "intermolt1 crab may in fact be a recently molted one. He 
concentration may be far less variable in truly intermolt animals than 
shown here. Indeed the variability in He concentration indicates this 
might be the case from the polyhaline estuarine zone upriver through the 
oligohaline zone.
Whatever the environmental cue, the subunit composition of C. sapidus 
He does show a high degree of phenotypic variability in natural popula­
tions. The present findings are entirely consistent with the hypothesis 
that it results in a higher 02 affinity in hypoxic and also low salinity
habitats and a lower 02 affinity in normoxic habitats, regardless of 
salinity. Perhaps not surprisingly, they also show that the distribution 
of phenotypes in nature is not highly correlated with a single environ­
mental variable such as salinity that can induce changes in the laboratory 
when all other factors are held constant. Finally, the present results 
provide a clearer view of the idea that functional differences of He 
subunits provide a respiratory plasticity in the interaction with the 
environment (Sullivan et al., 1974).
Figure 1. A map of the salinity gradient from the York 
River and the Eastern Shore of Virginia.
MT=Mattapon i 
SH=Sweet Hall 
LM=Lee Marsh 
WP=Westpo int 
WC=Ware Creek 
AL=Almondsville 
CL=Croaker Landing 
BR=Bell's Rock 
VI=VIMS 
VO=VEPCO 
SB=Swash Beacon 
CC=Cape Charles 
WA=Wachapreague
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Figure 2. Anterior/posterior axis used to measure the 
length of each Callinectes sapidus sampled.
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Figure 3. A comparison of the 4 estuarine zones each 
sampling year and the (a) carapace length and (b) He 
concentration of Callinectes sapidus. The numbers within 
the bars indicate the total number of crabs sampled for the 
mean and the error bars indicate +1 standard deviation.
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Figure 4. A comparision of Callinectes sapidus carapace 
length and He concentration.
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Figure 5. A copper-stained gel showing the 6 
electrophoretic bands representing Callinectes sapidus He 
subunits. The darkened bands are due to the quenching of 
the fluorescence of the Cu atoms within the active site of 
each subunit.
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Figure 6. The percent frequency of both HC subunit 
phenotypes of Callinectes sapidus compared over each 
estuarine zone. Each graph represents a separate subunit 
and is represented for each year.
LO
00
CD
0-
r
X %
.S %
o
LU
2
O
N
LU
2
CC
CL <  
ZD 
I— 
CO 
LU
B
B
a-
r
X %o  &
A1 £
o
LU
2
O
NJ
2
CC
“ ■ I
LU
LU
f
U*
O'
5 \
J  ■£
I O
LU I
LU
2
O
N
2
h-
¥>LU
LU
co
O )
A0N3fl03d3
%
G
oi
O'
T
X  %o &
= %
o
i
T
LU
2
O
N
LU
2
£
I
co
LU
LU
A0N3nD3d3
%
A0N3n03d3
E
O' 
x  £
. 6
Oj
o
LU
2
O
N
LU
□
e.
DC 
<
r - \  u “- e
ffi
LU
e
oi
O'
■r
,  %3 a
1 %
B
LU
2
O
NJ
LU
2
cr
0
co
LU
LU
O ©
A0N3nD3d3 A3N3D03dJ
%
A0N3nD3dd
%
e iiNnans s iiNnans 9 iiNnans
37
Figure 7. Representative electrophoretic banding patterns 
and their respective densitometric scans showing the 8 
Callinectes sapidus He phenotype patterns.
a. LLL
b. LLH
c. LHL
d. LHH
e. HLL
f. HLH
g. HHL
h. HHH
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Figure 8. Representative electrophoretic banding patterns 
and their respective densitometric scans showing the 
similarity of the LHH phenotype pattern along a salinity 
gradient.
a. oligohaline
b. mesohaline
c. polyhaline
d. euhaline
mm
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Figure 9. The percent frequency of individual Callinectes 
sapidus grouped by phenotype pattern and compared with each 
estuarine zone.
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APPENDIX A
Data Matrix. Grad Loc = location w/in the salinity gradient, He cone = 
hemocyanin concentration, subunit pheno = pheontypic expression of the 
specific subunit (H = high concentration, L = low concentration, - = no phen­
otype given).
SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/ioomi) 3 5 6
July 1984 Sweet Hall (2.0 </0o)
05 53 2.9 LH  L
08 55 3.0 LH  L
10 51 1.7 L L L
14 55 6.4 LH  L
11 55 4.3 LH  L
09 50 3.9 LH  L
16 43 2.8 LH  L
12 50 5.4 LH  L
03 55 4.5 LH  L
04 58 2.6 LH  L
July 1984 Mattaponi (2.2 </0o)
03 50 6.0 LH  L
34 55 5.4 LH  L
27 41 8.5 LH  L
16 48 6.0 LH  L
30 54 6.4 LH  L
04 53 8.0 LH  L
12 43 6.0 LH  L
38 70 2.7 ---
37 62 7.5 LH  L
06 48 6.0 LH  L
07 53 5.6 L L L
39 00 3.9 L L L
36 69 6.4 L H  L
23 40 8.8 LH  L
28 45 8.3 H H H
14 48 3.4 L L L
18 45 8.0 LH  L
13 45 3.6 LH  L
35 64 4.6 L L H
11 47 2.8 LH  H
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SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5 6
July 1984 Mattaponi (2.2 ^cxj)
13 45 6.0 LH  L
22 45 5.1 LH  L
69 00 4.0 LH  L
09 53 5.6 LH  L
15 43 4.3 LH  L
33 67 6.4 LH  H
62 00 5.6 L H L
10 47 4.5 LH  L
05 44 8.5 LH  H
29 50 9.1 ---
July 1984 VIMS (17.0 % 0)
31 68 3.4 H LL
02 60 4.1 H H L
03 62 4.5 L H L
04 61 4.6 LH  H
05 59 3.4 H H H
06 59 5.1 H H H
32 68 4.1 LH  H
08 57 3.1 L H L
33 80 2.9 LH  H
11 53 2.4 H LL
12 65 4.1 LH  H
13 55 3.1 LH  H
37 56 3.1 LH  H
15 70 2.4 LH  H
16 50 4.8 L H L
18 39 3.8 L H L
39 65 4.1 H H L
40 80 4.5 H L L
21 44 4.8 L H L
41 68 6.0 H L L
45 60 4.1 H H L
24 50 2.2 L H L
25 73 5.8 LH  H
49 74 3.4 L H L
52 60 2.7 L H L
28 60 4.1 LH  H
29 68 3.3 LH  H
30 59 3.1 H H H
SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5 6
July 1984 Wachapreague (30.5 (*00)
01 70 4.4 L L L
03 64 8.0 LH  H
07 76 5.1 L L H
12 77 5.7 L L L
13 60 6.0 L L L
14 72 6.6 L H L
15 70 4.1 L L L
17 69 6.2 LH  H
19 59 5.4 LH  H
20 70 3.3 L L H
22 63 6.0 L L H
25 80 3.0 L L H
27 64 6.2 L L H
26 70 3.7 L L L
30 70 6.0 L L H
35 74 3.9 L L L
39 80 3.7 LH  H
42 72 6.0 L L L
43 68 8.0 LH  H
45 80 3.7 L L H
05 78 5.1 L L L
40 70 5.0 L H L
09 80 5.0 LH  H
21 80 5.0 LH  H
31 62 6.4 LH  H
33 56 6.4 L H L
36 70 6.4 L L L
69 62 6.3 L L H
23 58 6.2 LH  H
08 72 2.9 LH  H
July 1984 Swash Beacon (17.0 % 0 )
02 75 2.8 . . .
23 57 3.7 ---
27 60 3.4 ---
36 60 3.2 . . .
31 80 1.6 . . .
07 79 3.4 ---
34 56 4.3 . . .
10 71 1.6 . . .
37 73 1.4 ---
17 72 4.7 LH  H
43 70 3.7 LH  H
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SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/l00ml) 3 5 6
July 1984 Swash Beacon (17.0 <*00) - Continued
08 65 4.0 L L L
49 78 3.4 L H H
12 72 3.4 ---
21 80 1.1 L H H
04 65 3.4 L H H
40 78 1.2 L H H
46 75 1.0 L H H
26 59 1.3 L H H
32 58 2.3 L H H
06 64 1.1 L H H
20 75 1.7 L H H
35 62 2.3 L H L
25 60 4.7 L H L
45 63 2.2 L H H
June 1984 Croaker Landing (9.0 ^ 0)
01 60 3.1 L L H
02 71 2.6 H H H
03 61 3.2 L L H
04 64 3.9 H H H
05 66 4.1 H H H
06 68 3.4 L H H
07 60 3.6 L H H
08 65 2.7 H H H
09 60 3.8 L H H
10 60 2.9 L H H
11 62 3.1 ---
12 63 3.8 L H H
13 51 4.8 L L H
14 57 3.4 H H H
15 71 1.2 L H H
16 62 5.4 L L H
17 72 3.8 ---
18 61 2.7 L L H
19 55 5.1 . . .
20 55 4.5 ---
21 60 3.2 H LH
22 60 1.9 ---
23 58 2.7 L L H
24 58 3.1 . . .
25 62 2.4 L H H
26 68 2.9 L H H
27 60 3.4 . . .
28 55 4.5 L L H
29 58 3.8 H H H
30 58 4.9 L L H
SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5 6
June 1984 Ware Creek (8.2 4oo)
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 H H H
00 00 0.0 H H H
00 00 0.0 L H H
00 00 0.0 L L H
00 00 0.0 H H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 H H H
00 00 0.0 L H H
00 00 0.0 H H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L L H
00 00 0.0 L H H
00 00 0.0 H H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L L H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 H H H
00 00 0.0 L L H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 L H H
00 00 0.0 H H H
00 00 0.0 L H H
SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5 6
July 1984 Almondsville (11.0 ^oo)
03 61 5.2 ---
37 58 6.0 L L H
07 62 6.0 H LH
14 44 4.3 H LH
11 42 6.0 L L H
55 65 6.0 H LH
51 72 6.8 ---
29 36 5.7 H H L
35 46 3.4 L L H
47 70 5.2 H L L
58 66 4.3 H LH
15 41 4.8 L L H
01 45 6.2 ---
42 37 7.8 ----
06 57 5.0 L L H
08 45 5.4 H LH
09 41 6.3 L L H
38 46 8.1 ---
12 39 5.3 ----
13 46 5.1 H LH
16 42 0.2 ----
46 70 4.4 L L H
44 79 6.3 - - -
49 70 7.6 ----
50 68 9.1 H LH
53 77 8.6 L L H
54 63 7.0 ---
23 39 6.2 L H H
25 38 5.3 L L H
55 65 6.3 ----
10 42 2.2 L L H
30 44 4.0 ----
02 67 1.7 ----
04 48 2.0 ----
17 39 1.6 L L H
24 50 2.0 H LH
28 9 2.4 . . .
31 41 1.7 ----
36 38 4.5 L L H
39 41 2.9 H LH
40 44 3.4 L L H
44 79 2.7 L L H
45 78 3.1 L L H
52 72 3.8 L L H
56 73 1.25 L L H
SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5 6
August 1985 
10
Lee Marsh (5.0 </0o) 
00 1.9 L H H
11 55 2.45 L H H
12 00 3.8 L H H
14 60 6.8 L H H
15 40 0.86 L L L
August 1985 
01
VEPCO (22.0 t/oo) 
70 2.5 L H H
02 70 1.9 L H H
03 69 2.7 L H H
04 67 3.6 L H H
05 70 3.3 H H H
06 62 2.5 L H H
August 1985 Croaker Landing (15.5 ^oo) 
10 70 2.2 L H H
11 50 3.1 L H H
12 00 3.6 L H H
13 00 3.4 L H H
14 62 3.8 L H H
16 62 2.6 H H L
September 1985 VEPCO (22.0 % 0 ) 
01 70 3.1 L H H
02 65 3.9 L H H
03 52 4.3 L H H
04 55 2.47 L H H
05 55 2.47 L H H
06 65 1.6 H H H
07 65 2.9 H H H
08 65 1.4 L H H
09 55 4.46 L H H
June 1985 VEPCO (20.0 </0o) 
01 75 2.2 L L H
02 62 2.8 H H H
03 61 3.5 L H H
04 62 1.6 L H H
05 60 3.9 L H H
06 57 1.3 ---
07 61 2.7 L H H
08 56 4.3 L H H
09 75 2.3 L H H
SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5 6
June 1985 Lee Marsh (5.2 9^0)
01 48 4.3 L L H
02 60 4.3 L L H
03 48 6.8 ----
04 43 6.8 L L H
05 42 1.8 L L H
June 1985 Sweet Hall (1.7 ^oo)
01 70 2.1 L H H
02 69 2.1 L H H
03 51 2.5 L H H
04 71 2.5 L H H
05 65 2.5 L H H
06 65 1.9 L H H
07 74 3.2 . . .
09 58 1.7 . . .
August 1985 Lee Marsh (5.0 9-00)
01 58 2.45 L H H
02 78 2.45 L H H
03 60 4.8 L H H
04 60 9.0 L L H
05 50 3.8 L H L
August 1985 Beilis Rock (16.0 ^oo)
10 00 2.7 L H H
11 65 2.35 H H H
12 70 2.45 L H H
13 60 2.4 L H H
14 70 2.55 L H H
15 00 4.1 L H H
16 68 2.3 L H H
17 00 1.9 H H H
18 00 4.1 L H H
19 00 4.1 L H H
20 65 2.9 H H H
21 00 3.4 L H H
22 00 3.8 L H H
23 00 2.7 L H H
SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5 6
September 1985 West Point (11.8 ‘/oo)
01 45 4.5 L H H
02 52 1.4 L H H
03 55 2.3 L H H
04 68 1.95 L H H
05 50 5.7 L H H
06 65 1.6 L H H
07 50 1.7 L H H
08 48 2.3 L H H
09 55 5.44 L H H
10 45 1.4 L H H
11 50 2.7 L H H
12 50 8.6 L H H
13 52 6.8 L H H
14 54 1.18 L H H
15 58 3.1 L H H
15 55 3.1 L H H
16 55 3.13 H - -
17 48 1.9 H - -
18 65 3.9 H - -
September 1985 Sweet Hall (1.0 qoo)
39 55 5.4 L L L
40 50 4.65 L L H
41 45 6.0 L H H
42 40 6.3 L H H
43 60 2.9 L H H
44 54 6.8 L H H
01 48 8.6 L L H
02 45 4.5 L L H
03 65 1.8 L L H
04 65 2.5 L L H
05 52 1.4 L L H
06 50 3.2 L L H
07 48 1.5 L L H
08 54 1.9 L L H
09 55 2.65 L L H
10 45 1.25 L L H
11 52 3.1 L L H
12 45 3.3 L L H
13 60 2.0 L L H
14 50 3.1 L L H
15 48 2.4 . . .
16 55 4.1 L L H
17 50 2.3 L L H
18 60 1.7 L L H
19 50 3.7 L L H
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SAMPLE He SUBUNIT
NO. LENGTH CONG PHENO
(mm) (g/100ml) 3 5 6
September 1985 Sweet Hall (1.0 Q/qo) - Continued
20 60 2.8 ---
21 54 3.6 L H H
22 40 2.15 L H H
23 50 1.7 L L H
24 60 1.7 L H H
25 55 1.95 L H H
26 56 2.25 L H H
27 58 1.8 L H H
28 50 3.4 L H H
29 58 3.1 L H H
30 60 1.8 L L H
31 60 1.2 L L H
32 55 2.15 L L H
33 55 1.0 L L H
34 48 1.7 L L H
35 55 1.6 L H H
36 38 4.65 L L H
37 58 4.3 L L L
38 46 0.96 L H H
September 1985 Cape Charles (31.5 9^ 00)
10 60 5.7 L H H
11 75 6.9 L L H
12 65 3.5 L - -
13 65 1.8 L L H
14 70 3.8 L L H
15 50 2.35 L H H
16 70 5.1 L L H
17 65 1.7 L H H
18 60 3.9 L H H
19 70 4.0 L H H
20 50 7.5 L H H
21 55 2.8 L H H
22 65 5.3 L H H
23 65 3.1 L L H
24 65 2.25 L H H
25 65 3.8 L H H
26 70 2.7 L H H
27 55 3.3 L H H
28 62 4.2 H H H
29 75 5.0 H H H
30 60 1.6 L L H
31 70 3.7 L L H
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SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5  6
September 1985 Wachapreague (32.5 9-00)
10 60 10.2 L L H
11 70 3.8 L L H
12 80 3.5 L L H
13 62 3.2 L H H
14 65 3.4 H LH
15 60 5.8 H LH
16 70 6.2 L L H
17 55 6.2 L L H
18 62 6.2 L L H
19 68 4.3 . . .
20 60 3.0 H H H *
21 80 4.3 H H H*
22 70 4.1 H L L *
23 65 5.2 L L H *
24 65 3.9 L L H *
25 60 4.5 L L H *
26 60 5.2 L L L *
27 60 6.2 H L H *
28 70 3.9 H L H *
29 70 4.3 H L H *
30 60 4.3 H L H *
31 60 5.2 H L H *
32 65 2.9 H L H *
33 70 3.5 H L H *
34 50 6.2 H L H *
35 68 1.7 H L H *
38 50 4.8 H L H*
39 65 2.8 . . .
40 60 3.0 L H H
41 70 3.9 L H H
42 60 3.4 L L H
43 50 3.9 L H H
44 55 4.9 L H H
45 60 7.8 L H H
46 65 6.2 L H H
47 55 4.9 L H H
48 70 5.4 L H H
49 70 3.0 . . .
50 65 2.5 L L H
51 60 1.6 L L H
52 58 2.6 L L H
53 55 4.8 L H H
54 65 2.7 H H H
55 58 3.1 H H H
56 70 2.6 L L H
57 58 2.6 L L H
SAMPLE He SUBUNIT
NO. LENGTH CONC PHENO
(mm) (g/100ml) 3 5 6
September 1985 Wachapreague (32.5 ^oo) -  Continued
36 65 3.5 H L H *
37 60 6.6 H L H *
58 62 2.3 L H H
59 58 3.8 L H H
60 55 5.1 H L L
61 65 4.5 H L L
62 65 2.9 H L L
63 65 2.2 H H H
64 00 2.9 H LH
65 00 2.5 L H L
66 00 5.8 H LH
67 00 5.8 H LH
He concentration and carapace length values do not correspond to the individual subunit 
phenotypes given
APPENDIX B
Data taken from carapace measurements of crabs sampled at 
the Almondsville station, 1984 (n=65).
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APPENDIX C
DETAILED ELECTRPHORESIS PROTOCOL
SAMPLING PROCEDURE
Measure crab on measuring board anterior to posterior (length­
wise) with claws wedged between its body and the vertical plate. 
Record d the length in mm.
Keep the claws close to the head while pulling the crab off the 
board (or keep the crab on the board) and identify the blood 
sinus closest to the carapace for the merropodites.
Insert an 18 gauge needle attached to a glass syringe (10 ml) 
just into the sinus and draw it out until just the needle opening 
is under the soft epidermal tissue. Be careful not to pierce the
inner muscle or the inner chitin septa.
Draw out the hemolymph keeping just enough suction on the syringe 
plunger to allow it to flow into the syringe. Should be able to 
get 10-20 mis with little problem.
Clean out the syringe between samplings with distilled water to
discard any hemolymph buildup or clots.
For electrophoretic analysis, fill 1.5 ml snap-top plastic micro­
centrifuge tubes and put on ice. Store in the freezer or refri­
gerator .
Samples are best frozen if electrophoresis is not done right 
away.
HEMOCYANIN POLYMER DISSOCIATION AND PURIFICATION
Raw Hemolymph Clot
Transfer the clot and any hemolymph to a glass homogenizer with 
a teflon pestle and break up the clot. Immerse homogenizer in 
ice.
Pour the sample into a clean microcentrifuge tube.
When enough samples have accumulated, put them in the microcen­
trifuge and spin for 2-3 minutes.
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Dialysis
Mix up 4 1 of stripping buffer: (pH=8.9)
Dissolve:
22.4 g Tris
14.88 g EDTA (acid Na salt) 
in glass distilled water 
pH should be approx. 8.7-8.8 
Adjust with 25% NaOH to pH-8.9
Bring up to 4 1 volume with glass distilled water
Use standard dialysis tubing, 1.0 cm (0.6 cm dry) diameter 
(m.w. cutoff 12,000-14,000). Cut dialysis tubing into strips 
(6 cm/1.5 ml sample) and soak in distilled water.
Decant hemolymph samples into tubing being careful not to resu­
spend the pellet in sample tube. Leave a small bubble within 
the dialysis tubing before clamping it shut with the dialysis 
tube clamps. Label with masking tape on the clamps.
String 5 prepared samples together and put string into the 4 1 
of the stripping buffer solution.
1 ml of sample uses 50 mis of buffer for dialysis.
Add stir bar to buffer and samples and place in the cold room 
on stir motor overnight (approx 4 pm to 8 am or 12-16 hrs).
Clean microcentrifuge tubes of the sedimented pellet and rinse 
in distilled water.
Reuse the clean microcetrifuge tubes to store the dialyzed 
hemolymph samples after dialysis. Store in the refrigerator or 
freezer.
SUBUNIT SEPARATION
Determining The Hemocyanin Concentration
fill Spectronic 20 spectrophotometer tubes with 4 mis stripping 
buffer
put in 20 ul of dialyzed sample 
vortex
read absorbance of sample at 345 run
dilute if necessary and repeat above steps until absorbance 
falls between 0.09 and 0.11
55
let samples sit for at least 4 hours to overnight 
Apparatus Setup 
The plates
the condition of the plates is important and although scrat­
ches on the surface of the plates is not ideal the plates 
can still be used--chips in the edges are bad because a 
tight seal cannot be made around the plates when pouring the 
gel or when attaching the upper buffer chamber
dry, clean glass plates are necessary, acid wash if neces­
sary and before assembly, clean the plates again with 70% 
EtOH
The assembly
assemble the plates by putting the spacers flush along the 
short edges and between the plates--either just two plates 
or the sandwich plate between two plates this is easily done 
with the glass plates flat on the counter
attach the clamps over these layers again making sure the 
spacers are flush along the top, bottom and side then 
loosely screw two of the screws
when both clamps are fitted set the assembly on end along 
one of the long edges and adjust spacers again if neces­
sary- -make sure all the plates and spacers are even then 
finger tighten the rest of the screws.
use a small amount of grease to spread over the bottom edges 
of the plates and the rubber insert for the stand (make sure 
the insert is cleaned off before this with 70% EtOH and a 
kimwipe not a paper towel)--a little grease goes along way!
fit the glass plate assembly into the stand greased side 
down and put the plastic clamp fittings into the holes on 
the side of the stand notch end up and turn until the 
notched end is down--turning both fitings at the same time 
gives a better seal
a good seal is achieved when no silver patches are seen in 
any of the sealed edges of the glass plates.
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Gel stock solutions:
monomer solution
Dissolve:
30 g acrylamide
0.80 g Bis acrylamide
in 100 mis of distilled water
resolving buffer solution
Dissolve:
36.3 g TRIS 
48 mis 1 N HC1
in 100 mis of distilled water 
adjusting to pH 8.8 or 8.9 with NaOH
stacking buffer solution
Dissolve:
6.0 g TRIS
40 mis of distilled water 
adjust to pH 6.8 with 1 M HC1 
bring to 100 mis final volume
ammonium persulfate solution
Dissolve:
0.15 g ammonium persulfate 
in 10 mis of distilled water
the gels are mixed with the solutions at room temperature 
but the solutions need to be stored in the refrigerator.
Pouring The Gels
the resolving gel
mix the proper amount of water, buffer, ammonium persulfate 
and TEMED together in a beaker
measure the proper amount of monomer solution in a separate 
container
fill a 1 cc syringe with distilled water and fit it with a 
long 22 gauge needle
attach a cm ruler to the side of the glass plates along the 
side of the stand
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mix the monomer solution with the other buffer,etc. solution 
and swirl the mixture a few times (when the monomer is 
added--time is of the essence!)
draw mixture into a 10 ml syringe and fill the space between 
the plates carefully but quickly so as not to get air 
bubbles trapped
fill to 12.5 cm then using the longneedled syringe float the 
distilled on top of the gel mixture (insert the long needle 
between the plates just above mixture and gently depress the 
plunger until the water layer reaches both sides of the 
glass).
takes about 5-10 minutes for the gels to set (if it does not 
set in this time period then something is wrong!)
the stacking gel:
wick out the water ontop of the set resolving gel being 
careful not to touch the top of the gel surface (excess 
water will impede the setting of the stacking gel)
mix the water, ammonium persulfate, TEMED, buffer and 
monomer solutions together in a beaker
fill syringe with swirled mixture and fill the glass plates 
3/4 of the way to the top of the plate as done for the 
resolving gel
insert the combs between the plates being careful not to 
trap air bubbles on the bottom of the comb teeth
it takes a little more time for the stacking gel to set 
well--maybe 15 minutes--the well walls should be well formed
when set pull the combs out straight up so as not to damage 
the well walls (use thumb and fore finger on both hands and 
pull straight up)
tip gel upside down and shake excess water down to the edge 
of the plates then wick out the water with a kimwipe or 
paper towel
Loading the gel
drip 10 drops of ethylene glycol into 4 mis of properly 
diluted sample and vortex
using a Hamilton syringe, draw up 50 ul of sample
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insert the needle between the plates and into a well without
touching the gel and fill space with sample
skip a well between samples
carefully float upper buffer using a Pasteur pipette on top 
of the samples and into the empty wells by dripping the 
solution from one side of the plates until the solution has
reached the other side of the plates
Running The Gels
Buffer solutions
Upper buffer
Dissolve:
6.32 g TRIS 
3.94 g Glycine
in Distilled water 
adjust to pH 8.9 with NaOH 
bring to 1 1 final volume
Lower buffer
Dissolve:
48.4 g TRIS
17.32 ml conc. HC1 
in Distilled water 
adjust to pH 8.1 with NaOH 
bring to 4 1 final volume
Electrophoresis apparatus
attach the upper resevoir to the glass plates fitting it 
over the side clamps of the glass plates
unscrew the clamps holding the plates to the stand and screw 
them into the resevoir making sure the notches are down this 
time and screwing them so the notch ends up on top--the 
clamp screws must be perpendicular and vertical
fill the upper resevoir with upper buffer until the silver 
cathode wire is submerged
remove the plates and attached resevoir from the stand and 
submerge into the lower buffer resevoir (filled with 5 or so 
liters of lower buffer)
attach the top fitting the banana plugs securely and plug 
into the power supply
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before turning on the unit, make sure the power supply is 
set for constant current and the reostat is turned all the 
way counter clockwise
turn the power on and adjust the reostat for 15-18 mAmps per 
gel (the volts should rise to about 80-100 volts--if higher 
something is wrong)
record time, amps and volts and let run for 16 hours the 
volts will rise due to the resistance of the gels
at the end record time, amps and volts
STAINING
Removal Of Gels
turn off power supply
lift upper reservoir and pour out upper buffer from upper cham­
ber- -this solution is reusable but only for a limited number of
runs
unscrew clamps from and remove the upper chamber from the plate 
assembly--these clamps sometimes tighten during a run so they can 
be difficult to remove
put plate assembly on the counter and gently remove the clamps 
holding the plates together
very gently, pry the glass plates apart scraping the gel to one 
plate or the other
Stain
Stain solution:
Dissolve:
0.1 % w/v Coomassie Brillant Blue G250 stain 
in 25% w/v Trichloroacetic acid
lift resolving gel off the plate and carefully place in an 
enamel pan filled halfway with coomassie blue stain solution
cover gel with stain solution and aggitate for 40 min (bands 
should become visible in 5 min)
pour off stain and save to reuse and rinse gel under tap water
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Destain
Destain Solution:
Mix:
58 mis acetic acid
112 mis methanol
800 mis distilled water
cover stained gels with destaining solution in a covered con­
tainer and leave overnight or until bands can be scored.
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